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Fundamental aspects of thixotropic phenomena are described, and 
previous investigations of thixotropic behavior in soil systems are 
summarized. The complex nature of the thixotropic phenomena as well 
as Its general occurrence in fine grained soils is described.
An existing hypothesis for thixotropic behavior based on Initial 
non-equilibrium conditions is examined. Experimental results, as 
determined from a testing program on the Putnam clay, verify this 
hypothesis.
The rate and magnitude of thixotropic strength increases of the 
Putnam clay were determined. Shear strength determinations were 
made by the unconfined compression and laboratory vane shear tests. 
The results of the tests were compared and variations are explained.
Results of the research program indicate that: 1) Water 
content is of primary Importance in determining the rate of shear 
strength increase. 2) Aging leads to an Increase In stiffness and 
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Thixotropic phenomena can cause significant changes in soil
t
properties over the range of moisture contents of interest to the 
soils engineer. Thixotropic strength changes are a function of 
time, moisture content, the clay minerology of the particles, 
temperature, and other factors. Because natural soil particles 
rarely fulfill the simplifying assumptions necessary to enable 
mathematical analyses, theoretical thixotropic strength change 
equations are not available. However, individual thixotropic 
strength-time studies on selected soils may provide a method of 
incorporating the knowledge of thixotropic effects in design.
It Is the purpose of this investigation to evaluate the rate 
and magnitude of thixotropic strength increases In a clay-water 
system.
B . Outline of Research
An outline of the research for this thesis is presented below:
1. A review of the literature pertaining to the research 
program was conducted. Tbe subjects of interest Included 
the structures of inorganic soils and clays, natural 
hai'dening, rheology, thixotropy, and methods used by 
others in approaching similar problems.
2. A test soil was selected.
3. The physical properties of the test soil were determined.
24. Test specimens were prepared at four different moisture 
contents.
5* The specimens were tested at selected time intervals by 
unconfined compression and laboratory vane shear tests.
6. The data were analyzed, conclusions drawn, and recommenda­
tions given.
3II. REVIEW OF LITERATURE 
A. Initial Investigations
The Swedish Geotechnical Commission (1)* was first to note the 
decrease in strength experienced by some clays when remolded at an 
unaltered water content. Later, Arthur Casagrande (2), in order to 
explain the difference in the physical properties of undistrubed 
and remolded clays, proposed that the clay particles settle during 
the process of sedimentation .into a definite structure called the 
"clay structure." He visualized the structure as a coarse grained 
skeleton cemented together by highly compressed clay. Casagrande 
indicated that the formation of such a structure is dependent upon 
the exceedingly slow processes of sedimentation and consolidation, 
because rapid pressure Increases during loading would displace the 
grains excessively, prohibiting bonding of the grains by the highly 
compressed clay. Furthermore, since remolding destroys the connect­
ing links between the large soil grains, he concluded that: "If we 
destroy the structure which nature has taken many centuries to build, 
we cannot restore it." (2)
Terzaghi (3) offered a fundamentally different explanation for 
this phenomenon. According to Terzaghi, strength and rigidity of 
the clay structure are acquired primarily by slow physio-chemical 
processes which are related to the surface activity of the mineral 
grains. Each clay particle, as a consequence of its surface
* Numbers in parentheses refer to references listed in the 
bibliography.
4activity, Is surrounded by a shell of adsorbed water.. This water 
shell Is held to the clay particle by forces which decrease in 
magnitude as the distance from the particle increases. As a result 
of these forces, the viscosity of the water surrounding each particle 
diminishes with increasing distance from the particle. The water 
very near the particle surface has been called ’’solid water” due to 
Its highly viscous condition. During sedimentation, the viscous 
water layers surrounding each clay particle merge together. Further 
consolidation forces the solid water shells into contact and the 
rigidity of the clay increases. Remolding destroys the contacts 
between the solid water shells and displaces the grains. This 
displacement Introduces viscous water between the grains and the 
clay then becomes plastic.
Subsequent investigators have wholly or partially supported 
both of these theories.
B. Thixotropy in Dilute Suspensions
In 1927, Paterfi (4) introduced the term thixotropy. It,is 
derived from thixis, which means the touch or the striking, and 
from trepo, which means to turn or to change. Thus, thixotropy 
means to change by touch.
In 1937, Freundlich (5) defined thixotropy as an isothermal 
reversible sol-gel transformation in colloidal suspensions. 
Essentially the sol-gel change is the change in consistency of 
colloidal suspensions: upon agitation gels lose their consistency
5and viscosity; after allowing the agitated suspension to rest, gels 
regain their original consistency. The temporary loss In consistency 
is caused by a breakdown in structure of thixotropic matter.
Skempton and Northey (6) defined thixotropy as the result of 
the gradual rearrangement of the particles under the action of 
bonding forces into positions of increasing mechanical stability. 
Burghers, et. al. (7), define thixotropy as a "process of softening 
caused by remolding, followed by a time dependent return to the 
original harder state."
At present the term thixotropy implies different things to 
different investigators. The rheologist or colloid chemist is 
concerned with dilute suspensions and gel-setting times of a few 
minutes to a few days. On the other hand, the engineer Is concerned 
with strength increases after remolding or compaction at water con­
tents generally much less than the liquid limit. It has been 
proposed that the time dependent strength gain in soils be called 
something else, such as age hardening- Actually there is no need 
for this distinction between the two processes. If thixotropy is 
an isothermal reversible sol-gel transformation in colloidal sus­
pensions, then the difference between thixotropy in cohesive soils 
at water contents above and below the liquid limit is one of degree 
and not one of fundamental behavior. Although dilute suspensions 
bear little resemblance to clay soils, it is not unreasonable to 
assume that the same principles of force, aggregation, and 
dispersion, are common to both.
6Freundlich, one of the first to investigate thixoti'opic 
phenomena, theorized that thixotropic behavior depends upon the 
balance of forces between particles. All finely divided particles 
exhibit an imbalance of forces at their surfaces. Secondary valence 
forces or Vanderwaals forces act between all adjacent soil particles; 
they become important when they are large in comparison to the gravi­
tational forces related to mass. The electrical forces act near the 
particle surface, and result from discontinuities and atomic sub­
stitutions in the clay mineral lattice. These forces are signif­
icant when the ratio of surface area to mass, i.e., the specific 
surface is high. When a clay has a specific surface large enough 
for the electrical forces to dominate the mass forces, it is termed 
a colloid and ranges in particle size from one micron to one 
milli-micron. Clay size particles usually fall within the colloidal 
range. Unbalanced forces can be brought into equilibrium by contact 
with particles of the same substance, by further atomic substitution, 
or by adsorption of ions.
The explanation of thixotropy based on an attraction-repulsion 
force balance has received wide support by such eminent investi­
gators as Marshall (8), Lambe (9), Mitchell (10), and Verwey, 
et. al. (11)- The curves in Figure 1 illustrate this concept, 
where the ordinate represents the energy necessary to bring the 
particles from an infinite distance to any given distance which is 
represented by the abscissa. Curve A represents a stable suspension 































C--Curve for thixotropic 
material--spacing of par­
ticles at rest--remolding 
moves particles away from 
minimum--increase in energy 
causes decrease in strength.
(After J. K. Mitchell)
Figure 1. Energy Distance Curves for Dilute Suspensions 
of Dispersed, Flocculated, and Thixotropic 
Materials.
8barrier prevents close approach of the particles. Curve B represents 
a condition in which the soil particles will flocculate Immediately. 
The energy minimum of Curve C represents the condition of particles 
in a thixotropic gel. Any movement of the particles in this state, 
such as shear deformation, causes a change in particle spacing and 
an increase in the energy of repulsion leading to a more fluid 
condition.
Curves depicting energy of attraction, energy of repulsion, 
and total energy of interaction between particles for the condition 
at rest and during remolding ar_e shown in Figure 2, Figure 2a shows 
the curves for the double layer energy of repulsion, the energy of 
attraction, and the additional energy of repulsion introduced by 
the externally applied shearing strains. In Figure 2b the energy 
of repulsion is decreased, which leads to a total energy of inter­
action as indicated, and ultimately to flocculation.
Curves of the type shown in Figures 1 and 2 were derived on 
the assumption of plate-shaped particles, charged only on their 
surfaces, and at some distance from each other In a parallel array. 
However, investigations (10, 12, 13, 14) have shown that clay 
particles are linked in random arrays forming a rigid structure. 
Consequently, the theoretical curves cannot exactly describe the 
mechanical behavior of natural clay soils. The colloidal principles 
are, however, extremely useful to the soils engineer since they are 























Figure 2. Energy-Distance Curves for a Thixotropic Soil.
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Two types of flocculation, the salt type with an orientation 
approaching parallelism, and the non-salt type with an orientation 
approaching a perpendicular array can exist. In non-salt floccula­
tion, particles usually associate in an edge-to-face array as a 
result of the attraction of negative faces and positive edges.
Figure 3 illustrates both the non-salt flocculated and dispersed 
types of structures. Salt flocculated systems are usually a 
combination of face-to-edge, edge-to-face, and face-to-face 
associations. These arrangements are due to the depression of 
double layers to the degree that the repulsive forces are no longer 
large enough to prevent flocculation. Mac Ewen and Pratt (15) 
indicate that individual particles of bentonite in dilute suspensions 
actually have edge-to-edge associations forming long ribbons with no 
edge-to-face or face-to-face arrangements.
It should be noted that regardless of the nature of the particle 
arrangements, all evidence indicates that thixotropic behavior is 
associated with the tendency of the particle to flocculate, as long 
as the system is free to attain a condition of minimum energy.
Kruyt (16) has shown that thixotropic phenomena nearly always 
occur in systems composed of elongated particles, such as clays.
This tendency is due to the high specific surface of clay size 
particles. Investigations (6, 10, 16, 17, IS, 19) suggest that 
thixotropy occurs in the majority of clay-water systems.
11
a. Non-Salt Flocculation b. Dispei-sion
Figure 3. Sediment Structures
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Roeder (20), in his study of the rheology of suspensions, 
suggested that thixotropy occurs in systems of unstable or partly 
stable particles. He proposed that particles have sufficient initial 
energy of repulsion to resist immediate aggregation. However, 
eventually the particles fall victim to flocculation tendencies.
It is apparent from the works of these investigators that an 
undisturbed thixotropic soil system is in a state of equilibrium,
i.e., the forces of attraction are balanced by the forces of 
repulsion. Part of the externally applied shearing energy on 
remolding is utilized in dispersing the platy clay particles into 
a uniform parallel arrangement. The additional energy assists the 
repulsive forces acting betvjeen the particles due to double layer 
interaction and causes a dispersed system. The energy of inter­
action between particles is commensurate to the amount of externally 
applied energy. When shearing or remolding ceases, the externally 
applied shearing energy is reduced to zero. Consequently, the net 
repulsive forces diminish to a level where the attractive forces 
are larger and as a result, flocculation occurs.
Bay (21) has shown that changes in soil water structure are a 
significant contributor to thixotropic effects. He found that for 
saturated clay samples near the liquid limit, the pore pressure 
increases to a maximum value upon remolding and gradually returns 
to the initial value upon aging. At constant volume the pore 
pressure is a direct measurement of the free energy in the porewater.
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A decrease in pore pressure occurs with a decrease in free energy 
as flocculation occurs. Conversely, an increase in pore pressure 
and an increase in free energy occurs with dispersion.
Host soils have a balance of interparticle forces leading to 
equilibrium, i.e., the energy state lies somewhere between complete 
flocculation and complete dispersion. Furthermore, the ease with 
which thixotropic effects occur varies with the individual soils 
and moisture contents of these soils.
Based on the above observations, the following conditions are 
necessary for thixotropic phenomena to occur:
1. Hie net interparticle force balance must be of a degree 
that the soil particles will flocculate.
2. This flocculation tendency must not be so strong that it 
cannot be overcome by shearing deformations or other types 
of mechanical actions.
Finally, chemical changes such as cementation bonds between 
particles may cause strength increases along with thixotropic effects. 
Various oxides, carbonates, silicas, etc. frequently occur in natural 
soils, and all of these materials are known to have cementing 
properties. Mathers, et. al. (22), and Martin (23) have documented 
complete and partial conversion of certain isomorphs of montmoril- 
lonite to other isomorphs of montmorilIonite under warm moist
conditions.
14
It is not unreasonable to assume that the above chemical changes 
assist strength gain tendencies. It must be remembered, however, 
that strictly speaking chemical changes are not thixotropic phenomena, 
in that they are not entirely reversible and do not occur under cond­
itions of constant chemical composition. Therefore, the effects 
described by Mathers, et. al. and Martin are not of a thixotropic 
nature.
C. Thixotropy in Soils
Seed and Chan (18) suggest the use of the acquired sensitivity 
or thixotropic strength ratio rather than the absolute strength as 
a measure of thixotropic effects. The thixotropic strength ratio 
is the ratio of the strength at time, t, to the strength at time 
zero. This ratio permits comparison of soils of different composi­
tions or comparison of batches of the same soil at different moisture 
contents.
For example, a sample of remolded soil with a strength of 1.0 tsf 
might show a strength increase to 1.2 tsf after a period of time. 
Therefore the thixotropic strength ratio is 1.2. Another sample 
might have an initial strength of 0.1 tsf and increase to 0.2 tsf. 
Consequently the thixotropic strength ratio in this case is 2.0. 
According to Seed and Chan, for a material to double its strength, 
even if its initial strength is low, is more significant in terms 
of thixotropic effects than for a sample to increase in strength 
by 20%, even though the actual amount of strength increase for the 
two materials Is the same.
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The role of water content in determining thixotropic behavior 
is very important. Thixotropic effects are most apparent at low 
strains. The effect of water content and strain on the thixotropic 
strength ratio, after a period of one week, for a compacted silty 
clay are shown in Figure 4. Optimum moisture content for a kneading 
compaction procedure was 17.5%. The thixotropic effect is small for 
samples dry of optimum, and the effect is the same for all strains.
It is believed that a flocculated structure is induced dry of optimum 
which changes gradually to a dispersed structure wet of optimum when 
the soil is subjected to this method of compaction.
Lambe (12) has indicated that a material is strongly flocculated 
at low water contents as a result of low double layer repulsions. 
Accordingly, a material is highly dispersed at high water contents 
as a result of high double layer repulsions. At intermediate water 
contents the structure may be made to disperse through application 
of shear strains. Therefore, thixotropic effects in soils are 
negligible at low and high water contents and pass through a maximum 
at some intermediate water content.
The thixotropic effect is further illustrated in Figure 4b. 
Samples were prepared by kneading compaction over a range of 
moisture contents from 14% to 35%. Optimum moisture content for 
this material is about 17.7% for the compactive effort used. The 
thixotropic strength ratio for a particular strain is plotted as 
a function of water content. The effect of strain is readily 
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Figure 4.
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by Seed and Chan (18): strong flocculation at low water contents, 
dispersion at high water contents, and a weak state of flocculation 
at intermediate moisture contents. A decrease in thixotropic effect 
with increasing strain is to be expected since the strains progres­
sively destroy the flocculated structure formed during aging.
In conclusion, present day investigators have illustrated the 
operation of thixotropic phenomena in a great variety of soils at 
moisture contents of interest to the soils engineer. These inves­
tigators have shown that when accurately evaluated, thixotropic 
strength increases may warrant consideration in the design of earth 
structures.
18
III. THE RE SEAR CH PROGRAM
A. Research Procedure
In order to Investigate the effects of thixotropy in a clay 
water system, it was necessary to choose a highly active soil.
Ihe Putnam clay was chosen as the test soil because this Missouri 
clay contains a significant amount of montmorillonite, a highly 
active clay mineral. Montmorillonitic clay soils exhibit the 
internal structural changes and corresponding increases in strength 
during aging associated with thixotropy.
Hie test soil was obtained, and its composition and physical 
properties determined. Test specimens were prepared from the 
above soil, and shear strength tests were performed at various 
time intervals during the aging period. The increase in shear 
strength was used in this research as a measure of thixotropic 
effects. Finally, the data were analyzed and the results are 
presented in the following sections.
B . The Research Material
Putnam subsoil is a gray-brown silty clay of glacial and 
loessial origin which has been developed by a podzolic type of 
■weathering (24) . The mineral composition of the different size 
fractions has been determined by Marshall (25) and Dawson (26) .
The Putnam soil, according to Marshall, contains a montmorillonite 
clay mineral, while Dawson believes it contains a beidellite.
These investigators agree that the Putnam clay contains an expanding
19
lattice clay mineral of the montmorillonite group. X-ray diffrac­
tion and differential thermal analyses conducted at the University 
of Missouri at Rolla were used to identify the clay minerals.
These analyses indicate that the Putnam clay is composed predomi­
nately of montmorillonite with traces of kaolinite and illite.
All the clay minerals identified were poorly crystallized.
The Putnam soil extends through the north central part of the 
state of Missouri. The test soil xvas obtained from a highway cut 
near Mexico, Missouri. Mexico, which is in Audrain County, is 
located in a region known as the glaciated plains. This region 
includes the area between the Missouri River and the northern 
boundary of the state. The area was covered by ice during the 
Nebraskan and Kansan ages of glaciation. In this part of Missouri, 
all the unconsolidated deposits of the Quaternary System are 
represented in the Pleistocene Series. These deposits, one of 
which is the Putnam soil, commonly consist of a mixture of clay, 
silt, and gravel.
In the laboratory the soil was air dried and then pulverized 
so that all the soil was finer than a No. 10 sieve. A hydrometer 
analysis was performed and the results indicated the soil is 
composed of approximately 37% clay and 63% silt. All the sample 
was finer than the No. 200 sieve. (See Figure 5.)
The Atterburg limits were determined according to the 
A.S.T.M. (27) standards, and these values as well as other
20
0.1 0.05 0.01 0.005 0.001
Grain Size in Millimeters
Figure 5. Grain size distribution curves of Putnam clay 
before and after pulverization.
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physical properties of the test material are summarized in Table 1. 
The position of this material on the modified plasticity chart is 
shown in Figure 6.
In order to determine the amount of degradation of the test 
material by repeated pulverization, a second hydrometer analysis 
was performed on the test material at the completion of testing.
The result of this analysis is shown in Curve B of Figure 5 and 
reveals only a minimal breakdown in grain size.
C . Equipment
One of the principal requirements for a soil mechanics research 
program on thixotropic phenomena is a means of producing a large 
number of saturated, homogeneous, isotropic, remolded test samples 
in a very short time. Formerly the only methods of laboratory 
preparation of remolded samples were by consolidation or compaction. 
Samples may be prepared at moisture contents above and below the 
liquid limit respectively by these methods. Unfortunately these 
methods produce non-homogeneous samples and require considerable 
expenditure of time.
A third method of preparation of remolded soil samples is by 
the Vac-Aire extrusion device, shown schematically in Figure 7.
In 1967, Shiffert (28) evaluated the Vac-Aire extrusion machine 
and the properties of extruded samples. From his investigation 
on four Texas soils, he concluded that the Vac-Aire extrusion 
machine can produce high quality test samples from cohesive soils 
with a wide range of geotechnical properties.
TABLE I.
Physical Properties of the Test Material
Liquid Limit .......................  54%
Plastic L i m i t .......................20%,
Plasticity Index ...................  34%
Shrinkage Limit ...................  15%
Specific Gravity .................... 2.72
% Clay Fraction Less Than 2u . . . 36.6%
Extrusion Range ............... 28%-37%
A.A.S.H.O. Classification . . . .  A-7-5
Unified Classification ............. CH
23
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Liquid Limit, 7o
Figure 6. Plasticity Chart.
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Figure 7. Vac-Aire Extrusion Machine
25
The Vac-AIre extrusion machine essentially consists of a power 
auger train3 a loading chamber, a vacuum chamber^ and a molding die* 
The auger train is driven by a one and one-half horsepower electric 
motor rated at 1750 r . p . m . The motor speed is reduced to a shaft 
speed of 32 r.p.m. by a series of reduction gears. (See Figure 8.)
During Shiffertfs study, three modifications of the machine 
were necessary. Subsequently^ these modifications5 shown in 
Figure 9, were incorporated into the machine used for this research 
and are listed below:
1. A set of metal prongs that extended from the side of the 
loading chamber to positions between the loading vanes 
were removed. The prongs prevented the vane adjustment 
necessary for proper loading of the extrusion chamber.
2. The addition of a third spacer provided a longer confining 
surface where the soil is forced in to the space vacated 
by the auger.
3. Steel tubing with an inside diameter of 3.12 in. was cut 
to complete the auger housing. In addition several rows 
of holes were drilled in the tubing with the hole size 
decreasing from the sides to the center of the chamber.
This modification permitted the extrusion and deairing 
of a high moisture content soil without clogging the 
vacuum chamber.
Difficulties in loading made it necessary to force feed the 
loading chamber. This difficulty was overcome by means of the 
lever and bearing plate apparatus shown in Figure 7.
Figure 8. Schematic Illustration of the Vac-Aire Extrusion Machine
Figure 9. Schematic illustration of the extruder's 
vacuum chamber with: a. original design, 
and b. modified design.
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The laboratory vane shear device used for this investigation 
was manufactured by Leonard Farnell and Co. Ltd., England, and is 
identified as Model 280. Four calibrated springs, which apply 
torques of 2, 3, 4, and 5 in.-lb. respecively for an angular move­
ment of 180° were used to apply a known torque to the test vane. 
The spring choice depended on the strength of the material. The 
height, diameter, and thickness of the vane used was 13.0 mm,
12.8 mm, and 0.9 mm, respectively. Spring calibrations were 
checked and found to be correct.
The compression testing machine used in this investigation 
was manufactured by Soil Test Corporation and is identified as 
Model AP 322-X. Machine loading speeds and the proving ring 
calibrations were checked and found to be correct.
D. Sample Preparation
In the laboratory the raw soil was air dried and pulverized 
so that all the test material passed a No. 10 sieve. The soil 
was then stored for a period of one week in a sealed 55 gallon 
drum which was rotated from end to end daily in order to achieve 
a homogeneous hygroscopic moisture content.
The moisture content range or extrusion range of the Putnam 
clay, using the Vac-Aire extrusion machine, was determined by a 
trial and error procedure. Moisture contents lower than 28% 
caused excessive temperature increases and loss of moisture of 
the samples, and as the samples cooled, cracks formed. Samples
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prepared at moisture contents in excess of 37% proved to be too 
soft to handle without causing excessive damage to the specimens.
Three test batches were prepared, one each from the upper and 
lower limits of the extrusion range, and a third at an intermediate 
moisture content of approximately 32.5%.
The Lancaster mixer was not effective above moisture contents 
of 30%. In order to prepare the 37% batch, the soil was first 
mixed at a moisture content of 28% and placed in an air tight 
barrel. The additional water necessary to bring the moisture 
content of the batch to 37%, was allowed to percolate from top to 
bottom through the mixture. The barrel was then sealed and Inverted 
daily for three days. At the end of the third day, the soil was 
removed from the barrel, mixed by hand, and stored for an additional 
four days.
The same mixing process was used for the 32.5% batch, but the 
soil was found to be too stiff to be mixed well by hand. Due to 
inadequate mixing, the moisture contents of the samples representing 
this batch centered around two values, 31.5% and 33%, respectively. 
The samples of this batch were separated, after testing, into the 
31.5% and 33% batches.
The mean, range, and standard deviation of the soil properties 
of the test samples comprising the four test batches are shown
in Table 2.
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TABLE II. SUMMARY OF RESULTS--PHYSICAL PROPERTIES OF UN CONFINED 
COMPRESSION SPECIMENS
Batch #1 Batch #2 Batch #3 Batch #4
# of Samples 43 14 20 53
Range in w% 27.40-28.90 31.40-32.30 32.60-33.70 36.86-38.20
Mean w% 28.18 31.88 33.13 37.30
Median w% 28.10 31.88 33.20 37.30
Std. Dev. w% 0.3416 0.3164 0.2838 0.2868
Range in Sr% 95.03-98.31 91.05-93.93 90.99-97.58 89.89-95.85
Mean Sr% 96.59 92.53 93.77 92.75
Median Sr% 96.50 92.32 93.91 92.51
Std. Dev. Sr% 0.8077 0.9122 1.4856 1.2809
Range in Y d pcf 93.30-95.90 87.00-88.10 85.40-88.70 79.90-82.80
Mean Yd pcf 94.64 87.62 86.55 81.05
Median Y d pcf 94.65 87.60 86.50 81.05
Std. Dev. Y d pcf 0.4550 0.2997 0.7781 0.5929
Range in e 0.77-0.82 0.93-0.95 0.91-0.99 1.05-1.12
Mean e 0.79 0.94 0.96 1.09
Median e 0.79 0.94 0.96 1.10
Std. Dev. e 0.0098 0.0064 0.0185 0.0158
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After mixing, the soils were stored in individual air tight 
containers and allowed to age for a period of one week to obtain 
a homogeneous moisture content throughout the mixture. Shiffert (28) 
conducted tests to determine the minimum storage period necessary 
to obtain a homogeneous moisture content and found that a minimum 
period of two days is required. The period of one week was chosen 
for safety.
The extrusion operation required three people: one to fill 
and force feed the loading chamber, one to cut the extruded samples 
to the desired length, and one to wrap and seal the samples. The 
samples were wrapped in wax paper, placed in cartons partially 
filled with wax, and melted wax poured over and around the samples 
to a thickness of approximately one-half inch. This procedure 
proved to be effective in that no moisture losses were noted during 
the testing period.
Finally, the samples were stored horizontally at 70°F and 
100% relative humidity. Each specimen was rotated one-quarter 
turn each day during the testing period to minimize moisture 
content migration.
E . Test Procedures
The testing program included the determination of the shear 
strength by means of the laboratory vane shear and the unconfined 
compression tests. The weight volume properties of the samples in 
each batch were determined and used as a measure of homogeneity.
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All specimens were tested using identical procedures; however, the 
laboratory temperature and humidity varied widely during the testing 
program. Since the actual testing time or removal from ideal condi­
tions was small, these factors had little effect on the results of 
the testing program.
The length of the test period for each batch varied from 80' to 
134 days, and was dependent only upon the time available for the 
research program. Specimens were tested daily in the early stages 
of the program; however, as the rate of strength gain diminished, 
the time interval between tests was increased. For each test day, 
a minimum of two specimens was selected from each batch.
Just prior to each test a specimen was obtained from the 
storage room and removed from the paper-wax shell. It was found 
that if the ends of the shell were removed, the sample would slide 
out with a minimum of effort and damage to the specimen. A five 
inch unconfined compression sample was trimmed from the center, 
and two one and one-half inch vane shear samples were taken, one 
from each end. The unconfined compression test and the two vane 
shear tests for each sample required approximately one hour of 
testing time. Since only one test could be performed at a time, 
the other samples were wrapped in plastic and returned to the 
storage room to minimize moisture losses.
The vane shear test was performed using the techniques
suggested by Goughnour and Sallberg (29), and Evans and Sherratt (30).
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Moisture content samples were taken from each vane shear specimen 
to determine if there were differences in moisture content between 
the vane shear and unconfined compression samples.
The unconfined compression test was performed according to 
A.S.T.M. (27) specifications. A length to diameter ratio of 2.0 
and a strain rate of 0.05 inches per minute was used. Failure 
criteria were chosen to be either a decrease in load carrying 
capacity or 20% strain; however, if a specimen failed by the 
former criterion, the test was continued until 20% strain had been 
achieved. This procedure was necessary in order to completely 
define the stress strain curve. Moisture content samples were 
taken from the top, center, and bottom of each specimen immediately 
after testing to give an indication of moisture content variations 
throughout the specimen.
The various soil properties of each test specimen, including 
the dry unit weight, void ratio, degree of saturation, average 
moisture content, shear strength, and shear strength ratio are 
shown in Appendix A.
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IV. DISCUSSION OF RESULTS
A. Clay Structure and Strength
When a thixotropic soil is remolded a part of the externally 
applied shearing energy is utilized in dispersing the platy 
particles into a uniform parallel arrangement. The externally 
applied energy assists repulsive forces between particles to 
produce a dispersed system. The energy of interaction between 
particles is at a level commensurate with the externally applied 
forces, and the adsorbed water layers with the adsorbed ions are 
distributed in accordance with this high energy level. The net 
result is a dispersed structure similar to that shown in Figure lb. 
Such a structure is the result of the energy conditions during the 
shearing process.
When shearing ceases, the externally applied energy drops to 
zero. Part of this energy assisted the normal interparticle 
repulsive forces in creating a dispersed structure. In this state 
the attractive forces exceed the repulsive forces for the system 
and the structure adjusts to a new low energy condition. The energy 
dissipation may be accompanied by changes in particle arrangements, 
adsorbed water structure, and distribution of ions. Since structural 
changes of this type result from physical movement of particles, 
water, and ions, they are necessarily time dependent. Internal struc­
tural changes are accompanied by a noticeable change in the physical 
behavior of the soil, such as an increase in shear strength.
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Consequently, the increase in shear strength was used as a measure 
of thixotropic effects in this research and the results are presented 
in the following sections.
Terzaghi and Peck (31) define structure as the-pattern in 
which the soil particles are arranged in the aggregate. The extrusion 
auger in the Vac-Aire extrusion machine imposes a helical orientation 
or structure on the extruded soil. Although this structure is entirely 
different from the random structure produced by natural deposition, 
any sample making procedure will give the particles an imposed 
structure. Schmertman and Osterberg (32) have indicated that as 
long as the orientation is reproducible, a helical structure is as 
acceptable as any other structure.
B- Data Interpretation
The Putnam clay is a highly cohesive soil and consequently 
has a low permeability. Therefore, the unconfined compression test 
was used for shear strength determinations. Shear strength values 
were also determined by the vane shear test and the results compared 
to values obtained from the unconfined compression test. (See 
Figures 10 through 13.) The results of the unconfined compression 
tests, vane shear tests, and the soil properties for each test 
specimen of test batches 1 through 4 are shown In Appendix A.
All the thixotropic strength ratio versus time curves and 
shear strength versus time curves were fitted statistically to the 













Figure 10. Comparison of shear strength values determined by the unconfined compression and













Figure 11, Comparison of shear strength values determined by the unconfined compression and













Figure 12, Comparison of shear strength values determined by the unconfined compression and













Figure 13. Comparison of shear strength values determined by the unconfined compression and
vane shear tests for the Putnam clay with an average moisture content of 37%,
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•were tested with the experimental data using polynomial and 
exponential curve fitting techniques. The goodness of fit was 
determined by the magnitude of the standard error of estimate and 
the correlation coefficient. On the basis of these statistics, an 
exponential curve of the following form was chosen:
S = Aq 4- A l log T
where: S = Shear Strength
T = Aging Time
A & A, = Constantso 1
The correlation coefficient for this curve form was 0.950.
C- Effects of Aging on Strength
Mitchell (10) , Skempton and Northey (6) , Seed and Chan (18) , 
and others have shown that aging leads to an increase in stiffness 
and possibly an increase in ultimate strength. Berger and Gnaedinger 
(33) have reported results which indicate an increase in stiffness 
without an increase in ultimate strength. The initial tangent 
modulus, the slope of the tangent to the stress strain curve at 
the origin, is a measure of rigidity, and the largest value of 
unit stress on the stress strain curve is the ultimate strength.
By the above definitions Figures 14 through 16 indicate that the 
Putnam clay experienced increases in both stiffness and ultimate 
strength with time over the range of moisture contents studied.









Figure 14- Unconfined compression tests on Putnam clay at an










Figure 15. Unconfined Compressi.on tests on Putnam clay at an
average moisture content of 33% after various
aging periods.
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Unconfined compression tests on Putnam clay at an




are not shown because the samples had initial drying cracks which 
affected the stress strain characteristics of the samples.
D. lhe Role of Water Content
Mitchell (10) has theorized that a limiting moisture content 
exists for most soils such that for higher moisture contents, 
thixotropic effects will diminish. Thixotropic effects in most 
past investigations have been found to increase with increasing 
moisture content. Mitchell has indicated that this is probably 
because either a sufficiently high moisture content was not studied, 
or the soil remained flocculated regardless of the moisture content 
used.
The curves in Figures 17 and 18 show that over the range of 
moisture contents studied, thixotropic effects Increase with 
increasing moisture content in the Putnam clay. The instantaneous 
rate of increase of shear strength is represented by the slopes of 
the curves. The rate of Increase of shear strength Is also seen 
to increase with moisture content.
F. Effect of Strain on Strength
The curves in Figures 19 through 21 show that thixotropic 
strength decreases at high strains. This decrease is to be 
expected since shearing tends to remold the soil thereby destroying 
the structure and lowering the strength.
It is evident from the curves in Figure 21 that .immediately
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Figure 21, Shear strength for a soil at moisture content of 377, for various values of axial
strain.
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the 5% and the 2% strains. This trend continues for an aging period 
of approximately 2 days; thereafter the stress at 2% strain is 
greater than that at the 5% and 10% strains. These results are 
consistent with the concepts previously presented and are direct 
indications of the formation of internal structure in the samples.
The curves in Figures 19 through 21 indicate that thixotropic 
effects increase as the moisture content increases over the range 
of moisture contents studied. These figures also indicate that 
thixotropic strength increases must be referenced to some criterion 
of measurement, such as a particular strain in order to evaluate 
their significance. Curves of the type shown in Figures 19 
through 21 for the 28% batch are not shown because the samples 
had initial drying cracks which affected the stress strain 
characteristics of the samples.
F. Comparison of Vane Shear and Unconfined Compression Results
The shear strength-time curves developed from the vane shear 
and unconfined compression tests indicate that the shear strength 
values determined by the vane shear are always greater than those 
found by the unconfined compression test, (See Figures 10 through 13.)
Cadling, et. al. (34) , and Skempton (35) found that a vane 
shear test employing a rotation speed of approximately 0.1°/sec. 
gives shear strength values consistent with the values derived 
from the unconfined compression test. Cadling, et. al., also found 
that a rotation speed of 1.0°/sec. produces vane shear strength 
values 207c greater than those at a rate of 0.1°/sec. Skempton (35),
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Bennett, et. al. (36), and Gray (37) have concluded that for 
reliable results, the vane shear device must be capable of operation 
at a controlled speed of rotation.
Unfortunately, the instrument available for this study required 
manual control of the rotation speed. Consequently, the rotation 
speeds were not necessarily constant during an individual test, nor 
were the rotation speeds of successive tests exactly the same. The 
tests, however, were conducted under conditions as similar as 
possible with the available equipment, but the variations could 
explain the difference between the vane shear and unconfined 
compression results.
Table III shows the mean, the range, and the standard 
deviation of the moisture contents of the unconfined compression 
and vane shear specimens of batches 1 through 4. It is seen that 
the average moisture content of the unconfined compression 
specimens is from 0.10% to 0.31% greater than that of the vane 
shear specimens. Since a very small decrease in moisture content 
can cause significant increases in shear strength, these small 
variations may be a partial explanation of the differences in the 
shear strength values measured by the two tests.
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TABLE III. SUMMARY OF RESULTS--COMPARISON OF MOISTURE CONTENTS 
OF VANE SHEAR AND UNCONFINED COMPRESSION SPECIMENS
# of Samples 





























# of Samples 
Range in w% 
Mean w%  
Median w%
S td. Dev. w%
Unconfined Compression 























V. SUMMARY AND CONCLUSIONS
An existing hypothesis for thixotropic behavior based on initial 
non-equilibrium conditions after remolding has been examined in this 
thesis. In order to investigate the effects of thixotropy in a clay 
water system, It was necessary to choose a highly active soil. The 
Putnam clay was chosen as the test soil because this Missouri soil 
contains a significant amount of montmorilIonite, a highly active 
clay mineral. Montmorillonitic soils exhibit the internal structural 
changes and corresponding increases in strength during aging 
associated with thixotropy.
Thixotropic effects are a result of internal structural changes 
of the soil. These internal structural changes are accompanied by a 
noticeable change in the physical behavior of the soil, such as an 
increase in shear strength. Consequently, the increase in shear 
strength was used as a measure of thixotropic effects in this research.
In as much as moisture content Is of primary importance in 
determining the rate and magnitude of thixotropic effects, test 
samples were prepared at four moisture contents. Shear strength 
tests were performed at various time intervals during the aging 
period to evaluate the effects of aging on strength.
All thixotropic strength ratio versus time and shear strength 
versus time curves were fitted statistically to the test data by the 
method of least squares. Several types of curves were tested; on 
the basis of the magnitude of the standard error of estimate and
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the correlation coefficient, an exponential curve was chosen, which 
had an extremely high correlation coefficient of 0-950.
The results of the investigation conducted for this thesis 
indicate that the present-day hypothesis based on initial non­
equilibrium conditions after remolding is a satisfactory explanation 
for the thixotropic phenomenon. The results also indicate:
1. Water content is a primary factor controlling the rate of 
acquired sensitivity. Increases in moisture content were 
accompanied by increases in acquired sensitivity over the 
range of moisture contents studied.
2. Aging was shown to lead to an increase in stiffness and 
an increase in ultimate strength,
3. The acquired sensitivity was found to be greatest at small 
strains.
4. Shear strength values determined by the vane shear test 
are always greater than those determined by the unconfined 
compression test.
In conclusion, thixotropic effects can cause significant 
changes in soil properties in the range of moisture contents of 
interest to the soils engineer. In compacted soils thixotropic 
effects may be of importance if the material is compacted wet of 
optimum. In normally consolidated clays, thixotropy may contribute 
to sensitivity, and is an important factor when dealing with these 
materials in the remolded state. When dealing with soft clays, 
thixotropic effects will generally be beneficial. An example
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would be the driving of friction piles into soft clay. The effects 
of disturbance will decrease with time adding some element of safety 
to a project where remolding cannot be avoided. The increase in 
skin friction after driving would be due to thixotropic hardening 
as well as to the dissipation of excess pore pressure in the 
disturbed zone.
Finally, there is no fundamental reason why thixotropic effects, 
if accurately evaluated, cannot be included in design where they are 
of sufficient magnitude to warrant consideration.-
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VI. RECOMMENDATIONS
A continuation of research in thixotropy is necessary. The 
following suggestions are offered:
1. The relationships between thermodynamic properties and 
such soil phenomena as creep, secondary compression, and 
stress strain characteristics may provide a better insight 
into the fundamentals of soil behavior.
2. Further research Into the effects of thixotropy on compress­
ibility and secondary compression, when coupled with the 
present knowledge of thixotropic effects on shear strength, 
suggest that such effects warrant consideration in design, 
provided they can be accurately evaluated.
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VII. APPENDIX A 
SUMMARY OF RESULTS
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1 0 0.78 95.2 28.10 97.58 0.575 14.06 0.675 27.00 1.17
2 0 0.77 95.9 27.75 97.96 0.580 14.25 0.675 27.00 1.16
3 1 0.79 94.8 27.90 95.91 0.595 11.64 0.600 27.90 1.01
4 1 0.79 94.6 27.90 95.63 0.590 19.56 0.637 27.90 1.08
5 2 0. 78 95.3 28.00 97.55 0.656 16.68 0.689 27.55 1.05
6 2 0.79 94.9 27.80 96.00 0.614 14.14 0.702 27.60 1.14
7 3 0.80 94.5 28.16 96.27 0.645 20.19 0.679 27.85 1.05
8 3 0.79 94.9 27.95 96.48 0.570 14.17 0.670 27.95 1.17
9 4 0.80 94.4 28.50 97.16 0.535 11.13 0.637 28.50 1.19
10 4 0.79 94.2 28.60 96.99 0.560 20.18 0.618 28.90 1.10
11 5 0.79 94.7 28.00 96.22 0.685 18.93 0.666 28.00 0.96
12 5 0.79 94.8 27.96 96.18 0.645 17.43 0.651 27.92 1.01
13 6 0.79 94.7 28.30 97.06 0.670 15.40 0.670 28.00 1.09
14 6 0.80 94.3 28.40 96.52 0.600 14.42 0.666 27.62 1.09
15 7 0.79 94.7 27.95 95.89 0.695 15.90 0.674 28.12 0.97
16 7 0.81 94.0 28.30 95.62 0.666 16.93 0.651 28.20 0.98
17 8 0.79 95.0 28.00 96.78 0.620 17.34 0.684 27.90 1.10
18 8 0.79 94.9 27.90 96.18 0.535 11.42 0.666 28.00 1.23
19 9 0.79 94.7 28.10 96.58 0.580 16.45 0.646 28.03 1.11
21 11 0.80 94.3 28.06 95.44 0.585 17.92 0.646 28.00 1.10
22 11 0.79 94.7 27.66 95.03 0.620 15.91 0.670 27.80 1.07
23 15 0.79 94.6 28.00 95.88 0.605 15.34 0.665 27.95 1.09












25 19 0.82 93.3 28.70 95.20 0.450 7.45 0.614 28.60 1.35
26 19 0.79 94.8 28.00 96.38 0.610 14.45 0.689 27.75 1.12
27 23 0.79 95.0 28.10 97.26 0.605 12.93 0.707 28.00 1.17
28 23 0.79 94.7 28.30 97.17 0.595 12.48 0.698 28.20 1.17
29 27 0.77 95.7 27.40 96.42 0.605 9.45 0.702 27.80 1.16
30 27 0.78 95.3 27.60 96.02 0.580 17.40 0.740 27.27 1.27
31 30 0.80 94.1 28.26 95.71 0.565 7.48 0.698 28.20 1.23
32 30 0.80 94.5 28.03 95.74 0.595 14.91 0.702 27.95 1.18
33 35 0.80 94.5 28.63 97.73 0.625 16.41 0.702 28.55 1.12
34 35 0.80 94.2 28.76 97.62 0.540 8.95 0.670 29.00 1.23
35 45 0. 79 95.1 28.06 97.22 0.635 17.90 0.721 27.90 1.13
36 45 0.79 94.7 28.26 97.10 0.615 9.94 0.721 27.90 1.17
37 55 0.80 94.5 28.00 95.66 0.575 9.97 0.693 28.00 1.20
38 55 0.81 94.0 28.40 95.80 0.545 10.43 0.684 28.00 1.27
39 90 0.80 94.4 28.50 97.24 0. 695 12.94 0.772 28.20 1.11
40 90 0.79 94.6 28.40 97.28 0.650 11.96 0.759 28.30 1.17
41 134 0.80 94.5 28.60 97.66 0.600 10.45 0.754 28.00 1.25
42 134 0.80 94.3 28.90 98.31 0.630 11.45 0.711 28.65 1.13
43 134 0.80 94.3 28.70 97.60 0.605 12.44 0.730 28.60 1.20
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3 2 0.94 87.3 32.26 92.86 0.345 10.44 0.385 32.05 1.12
5 3 0.93 87.9 31.50 92.11 0.365 7.95 0.428 31.15 1.19
7 4 0.93 88.1 31.50 92.52 0.360 7.45 0.423 31.50 1.21
9 5 0.93 87.8 32.03 93.38 0.360 11.43 0.418 31.90 1.16
11 6 0.94 87.4 31.73 91.63 0.375 13.92 0.423 31.50 1.13
13 9 0.94 87.4 31.76 91.71 0.370 12.92 0.437 31.80 1.18
15 11 0.94 87.6 31.40 91.05 0.380 9.98 0.432 31.45 1.14
17 13 0.93 87.8 32.20 93.93 0.375 9.44 0.427 32.10 1.14
18 13 0.94 87.5 32.20 93.11 0.380 12.94 0.437 32.05 1.15
19 16 0.94 87.6 31.60 91.77 0.400 13.92 0.456 31.15 1.14
21 20 0. 95 87.0 32.20 92.09 0.395 9.45 0.432 31.95 1.09
23 23 0.94 87.6 31.60 91.68 0.405 1.00 0.441 31.40 1.09
29 44 0.93 88.0 32.00 93.64 0.420 10.46 0.465 31.40 1.11
31 65 0. 94 87.7 32.30 93.89 0.420 1.00 0.470 32.10 1.12
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TABLE III. TEST RESULTS OF BATCH: NO. 3
Sample Aging Qu % s v-sNo. Days e pcf w % Sr% tsf Str. tsf w% Ratio
1 0 0.98 85.7 33.40 92.72 0.310 14.44 0.310 32.90 1.00
2 0 0.98 85.9 33.00 92.00 0.305 12.44 0.320 32. 95 1.04
4 2 0. 94 ' 87.5 32.70 94.59 0.310 6.98 0.357 32.80 1.15
6 3 0.96 86.7 33.23 94.44 0.300 6.97 0.357 33.10 1.19
8 4 0.97 86.0 33.40 93.24 0.295 0.99 0.357 33.10 1.21
10 5 0.98 85.8 33.40 92.92 0.295 1.00 0.352 33.30 1.19
12 6 0.96 86.5 33.36 94.38 0.295 0.99 0.362 33.20 1.22
14 9 0.96 86.5 33.30 94.06 0.315 0.99 0.362 33.40 1.18
16 11 0.99 85.4 33.03 90.99 0.320 1.00 0.372 33.05 1.16
20 16 0.97 86.0 32.90 91.87 0.345 1.00 0.386 32.75 1. 12
22 20 0.96 86.5 33.20 93.77 0.355 0.99 0.404 32.90 1.14
24 23 0.97 86.3 33.20 93.32 0.340 0.99 0.394 32.85 1.16
25 27 0.94 87.4 32.60 94.14 0.385 0.99 0.418 32.20 1.09
26 27 0.97 86.4 33.70 94.95 0.365 1.00 0.386 33.40 1.05
27 34 0.96 86.5 32.80 92.80 0.355 1.49 0.428 32.20 1.20
28 34 0.94 87.4 33.30 96.11 0.350 0.99 0.400 32.90 1.14
30 44 0.95 87.1 32.90 94.25 0.370 1.49 0.409 32.20 1.11
32 65 0.98 85.7 33.33 92.43 0.380 1.50 0.418 32.80 1.10
33 80 0.91 88.7 32.80 97.58 0.440 1.00 0.470 31.95 1.07
34 80 0.95 87.1 33.10 94.92 0.400 1.00 0.423 32.50 1.06
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1 0 1.12 80.0 37.80 91.58 0.135 14.42 0.162 37.50 1.20
2 0 1.12 80.0 37.60 91.21 0.140 18.91 0.162 37.48 1.16
3 1 1.12 80.0 37.10 89.89 0.145 2.48 0.189 36.95 1.30
4 1 1.11 80.4 37.50 91.70 0.140 3.48 0.180 37.15 1.29
5 2 1.09 81.1 37.00 92.00 0.150 5.47 0.180 36.70 1.20
6 2 1.11 80.4 37.28 91.23 0.145 0.99 0.180 36.65 1. 24
8 4 1.10 80.8 36.90 91.12 0.155 4.48 0.184 36.70 1.19
9 5 1.10 80.8 37.20 92.00 0.155 1.00 0.189 36.75 1.21
10 5 1.10 80.9 37.06 91.81 0.165 0.50 0.198 37.25 1.20
11 6 1.09 81.3 37.22 93.06 0.155 0.99 0.180 37.20 1.16
12 6 1.11 80.6 37.18 91.46 0.175 0.99 0.189 37.30 1.08
13 7 1.10 80.8 37.40 92.45 0.155 0.99 0.189 36.95 1.21
14 7 1.12 79.9 37.68 91.18 0.165 0.99 0.184 37.40 1.12
15 9 1.11 80.4 36.90 90.36 0.180 0.99 0.216 37.05 1.20
16 9 1.09 81.2 37.00 92.34 0.160 0.99 0.189 37.00 1.18
17 11 1.10 80.8 37.40 92.39 0.165 0.99 0.212 36.75 1.28
18 11 1.10 80.7 37.20 91.83 0.160 0.99 0.229 37.00 1.43
19 13 1.08 81.6 37.03 93.36 0.170 0.99 0.198 36.95 1.17
20 13 1.11 80.4 37.30 91.37 0.180 0.99 0.207 37.20 1.15
21 15 1.10 80.9 37.30 92.45 0.165 0.99 0.193 37.25 1.17
22 15 1.09 81.1 37.10 92.28 0.190 1.49 0.207 36.90 1.19
23 17 1.10 80.9 37.40 92.54 0.180 1.00 0.212 37.00 1.17













25 19 1.11 80.5 37.50 92.09 0.180 0.99 0.212 37.20 1.22
26 19 1.10 80.6 37.20 91.61 0.185 1.00 0.216 37.27 1.17
27 21 1.06 82.2 36.90 94.36 0.185 1.00 0.207 36.80 1.12
28 21 1.08 81.5 36.90 92.66 0.195 0.99 0.216 36.85 1.11
29 23 1.07 31.8 36.86 93.29 0.195 0.99 0.207 36.85 1.06
30 23 1.09 81.4 37.26 93.36 0.195 0.99 0.216 36.95 1.11
31 28 1.08 81.6 37.36 94.14 0.190 0.99 0.202 37.55 1.07
32 28 1.10 80.8 37.30 92.28 0.195 0.99 0.220 37.40 1.12
33 33 1.05 82.8 36.86 95.53 0.195 1.00 0.216 36.80 1.11
34 33 1.09 81.1 37.13 92.44 0.205 1.00 0.225 36.70 1.10
35 38 1.09 81.3 37.16 92.98 0.210 0.99 0.225 37.00 1.07
36 38 1.08 81.7 37.10 93.58 0.205 1.49 0.212 37.05 1.03
37 43 1.08 81.4 37.66 94.48 0.170 1.50 0.216 37.00 1.27
38 43 1.09 81.3 37.50 93.77 0.205 1.00 0.225 37.50 1.10
39 43 1.09 81.2 37.33 93.09 0.190 1.00 0.216 37.20 1.13
40 48 1.08 81.7 37.20 93.92 0.200 1.00 0.207 37.00 1.03
41 48 1.09 81.1 37.33 92.87 0.205 0.99 0.216 37.00 1.05
42 54 1.08 81.5 37.30 93.82 0.205 0.99 0.212 37.25 1.03
43 54 1.08 81.5 37.23 93.44 0.195 0.99 0.225 37.05 1.15
44 63 1.10 81.0 37.60 93.29 0.215 1.00 0.234 37.25 1.09
45 63 1.07 82.0 37.70 95.85 0.215 1.00 0.225 37.30 1.04
46 75 1.09 81.2 37.40 93.34 0.215 0.99 0.225 37.35 1.04
47 75 1.09 81.1 37.90 94.41 0.220 1.00 0.220 37.25 1.00
48 88 1.08 81.6 37.00 93.14 0.210 0.99 0.225 36.40 1.07





Days e pcf Sr%
50 109 1.06 82.2 37.50 95.83
51 109 1.10 80.7 37.70 93.05
52 124 1.11 80.6 37.40 91.90








0.225 1.50 0. 220 37.05 0.98
0.215 1.00 0.225 37.20 1.04
0.215 1.99 0. 230 36.70 1.07
0.220 1.00 0.225 37.60 1.03
65
VIII. BIBLIOGRAPHY
1. Statens Jarnvagars Geotekniska Konmilsjon (1922) Slutbetankande.
Stockholm, p, 56-58.
2. Casagrande, A. (1932) Hie structure of clay and Its engineering
importance in foundation engineering. Journal of 
the Boston Society of Civil Engineers, p. 72-113.
3. Terzaghi, K. (1941) Undisturbed clay samples and undisturbed
clays. Journal of the Boston Society of Civil 
Engineers, p. 45-65.
4. Paterfi, A. F. (1927) Entwichlungsmech d organism, p. 689.
5. Freundlich, H. (1935) Thixotropy. Herman et cie, Paris, 50 p.
6. Skempton, A. W- and R. D. Northey (1952) The sensitivity of
clays. Geotechnique, Vol. Ill, No. 1.
7. Burghers, J. M. and G. W. Scott Blair (1948) Report on the
principles of rheological nomenclature. Joint 
Committee on Rheology of the International Council 
of Scientific Unions, Proceedings International 
Rheological Congress, Amsterdam.
8. Marshall, C. E. (1949) The colloid chemistry of the silicate
minerals. Academic Press Inc., New York, 195 p.
9. Lambe, T. W. (1953) The structure of inorganic soil. A.S.C.E.
Separate 315, 47 p.
10. Mitchell, J. K. (1960) Fundamental aspects of thixotropy in
soils. Proceedings A.S.C.E., Vol. 86, No. SM3,
52 p .
11. Verwey, E. J. and J. T. Overbeek (1948) Theory of the stability
of lyophobic colloids. Elsevier Publishing Co.,
New York.
12. Lambe, T. W. (1958) The structure of compacted clay. Proceedings
A.S.C.E., Vol. 84, No. SM2, 34 p.
13. Van Olphen, H. (1956) Forces between suspended bentonite particles.
Clays and Minerals, Proceedings, Fourth National 
Conference on Clays and Clay Minerals, Publication 456, 
National Academy of Sciences, National Research 
Council.
66
14. Schofield, R. K. and H. R. Samson (1953) The deflocculation of
kadinite suspensions and the accompanying change 
over from positive to negative chloride adsorption. 
British Hinerological Society, Vol. 2, No. 9.
15. Mac Ewen, M. B. and M. I. Pratt (1957) The gelation of
montmorillonite, part I--the formation of a 
structural framework in sols of Wyoming Bentonite. 
Transactions, Faraday Society, p. 535.
16. Kruyt, H. R. (1952) Colloid science, I, irreversible systems.
Elsevier Pub. Co., New York.
17. Moretto, 0. (1948) Effect of natural hardening on the uncon­
fined compressive strength of remolded clays. 
Proceedings, Second International Conference on 
Soil Mechanics, p. 137-144.
18. Seed, H. B. and C. K. Chan (1957) Thixotropic characteristics
of compacted clays. Proceedings, A.S.C.E., Vol. 83, 
No. SM4, 35 p.
19. Boswell, P. G. H. (1949) A preliminary examination of the
thixotropy of some sedimentary rocks. Quarterly 
Journal of Geological Science, p. 499.
20. Roeder, H. L. (1939) Rheology of suspensions: a study of
dilatency and thixotropy. H. J. Paris, Amsterdam.
21. Day, P. R. (1955) Effect of shear on water tunsion in saturated
clay. X and II, Annual Reports, Western Regional 
Research Project.
22. Mathers, A. C. , S. B. Weed, and N. T. Coleman (1955) The effect
of acid and heat treatment on montmorillonoids.
Clay and Clay Minerals, Rational Academy of Sciences, 
National Research Council.
23. Martin, R. T. (1958) Water vapor sorption on lithium kadinite.
Clays and Clay Minerals, National Academy of 
Sciences, National Research Council.
24. Wintercorn, H. F. and R. B. Moorman (1941.) A study of changes
In physical properties of Putnam soil induced by 
ionic substitutions. Highway Research Board, 
p. 415-434.
25. Marshall (1935) Minerological methods for the study of silts
and clays. Zsch. F. Kristallographic.
67
26. Missouri State Highway Commission Geology and Soil Manual
(1962).
27. American Society of Testing Materials Standards (1961).
28. Shiffert, J. B- (1967) An evlauation of the vac-aire extrusion
machine and an investigation of properties of 
extruded samples. Thesis, Texas A&M University,
75 p.
29. Goughnour, R. D. and J. R. Sallberg (1964) Evaluation of
laboratory vane shear test. Public Roads Journal 
of Highway Research, Vol. 33, No. 5, p. 91.
30. Evans, X. and G. G. Sherratt (1948) A simple and convenient
instrument for measuring the shearing resistance 
of soils. Journal of Scientific Instrument, 
p. 412-414.
31. Terzaghi, K. and R. B. Peck (1948) Soil mechanics in engineering
practice. New York, John Wiley & Sons, p. 11.
32. Schmertman, J. H. and J. 0. Osterberg (1961) An experimental
study of the development of cohesion and friction 
with axial strain in saturated cohesive soils. 
Research Conference on Shear Strength of Cohesive 
Soils, A.S.C.E., New York, p. 643-694.
33. Berger, L. and J. Gnaedinger (1949) Strength regain of clays.
American Society of Testing Materials, p. 64.
34. Cadling, L. and S. Odenstad (1950) The vane borer. Proceedings
Royal Geotechnical Institute.
35. Skempton, A. W. (1948) Vane test in the alluvial plain of the
River Forth near Grangemouth. Geotechnique, Vol.
No. 2, p. 111.
36. Bennett, C. B. and J. G. Mecham (1953) Use of vane borer on
foundation investigation of fill. Highway Research 
Board Proceedings, p. 486-499.
37. Gray, H. (1957) Field vane shear tests of sensitive cohesive
soils. Transactions A.S.C.E., p. 844.
68
IX. VITA
John A. Mathes was born on October 14, 1943 in Belleville, 
Illinois. He received his primary and secondary education in the 
Belleville, Illinois Public School System.
He attended the Belleville Junior College, the University of 
Illinois, and in January 1967 was graduated from the University 
of Missouri at Rolla with the degree of Bachelor of Science in 
Civil Engineering. In January 1967 he entered graduate school at 
the University of Missouri at Rolla with the appointment of 
graduate assistant.
He is an associate member of the American Society of Civil 
Engineers and a member of Chi Epsilon.
